Abstract: A series of polystyrene-block-poly(1,2-butadiene)-block-poly(2-vinylpyridine) (SBV) triblock terpolymers were used to prepare blends with symmetric polystyrene-block-poly(2-vinylpyridine) (SV) and poly(2-vinylpyridine)-block-poly-(cyclohexyl methacrylate) (VC) diblock copolymers. Morphological characterization was carried out by transmission electron microscopy. These triblock terpolymers self-assemble into various core-shell type or lamellar morphologies. In the SBV/SV blends, macrophase separation between the two block copolymers, continuous centrosymmetric lamellae and stacks of non-centrosymmetric lamellae with antiparallel orientation were found. In the blends of SBV/VC, macrophase separation was never observed, what is due to the specific interactions between S and C domains. These systems showed among other morphologies also a cylindrical morphology in which rings surround the cylinders.
Introduction
Non-centrosymmetric materials are rare in nature and have attracted much interest [1, 2] . Periodic non-centrosymmetric materials may have interesting properties due to their inherent polarization, such as piezo-or pyroelectricity and second-order nonlinear optical activity [3] . Block copolymers have been found to self-assemble into nanostructures that are highly regular in size and shape. With the exception of a helical morphology in a triblock terpolymer [4] , all diblock copolymers and triblock terpolymers were found to build centrosymmetric structures. In an ABCA tetrablock terpolymer a periodic non-centrosymmetric superstructure was reported recently [5] . Another, older approach to periodic non-centrosymmetric materials formed by spontaneous self-assembly is blending of block copolymers. This has been first shown by Stadler's group [6] . Blending of lamellar ABC triblock terpolymers with lamellar AC diblock copolymers, in which all blocks have similar sizes, may lead to the spontaneous formation of periodic lamellae with a sequence …ABC CA ABC…, which is non-centrosymmetric. Important factors for the formation of the non-centrosymmetric superlattice are the interfacial tensions between the different components and the molecular weights, because also macrophase separation or the formation of 1 centrosymmetric superlattices may result in such blends [7] . Also the theoretical basis of these blends has been studied [8] [9] [10] .
In the blends of ABC with AC presented so far, only blends of block copolymers were considered where all blocks were of similar size and the corresponding block copolymers formed lamellae in the pure state. In this contribution we will give up this limitation and report on blends of a series of asymmetric polystyrene-block-polybutadiene-block-poly(2-vinylpyridine) (SBV) triblock terpolymers with symmetric lamellar SV or VC diblock copolymers, where C is poly(cyclohexyl methacrylate). C was chosen as a component in the diblock copolymer, since it is known to be compatible with S from studies on blends of the corresponding homopolymers [11] . In a previous study we reported on centrosymmetric superlattices of a similar blend system, where instead of SBV triblock terpolymers BSV triblock terpolymers were blended with the same SV and VC diblock copolymers [12] . The triblock terpolymers are a series with constant ratio between S and B blocks and a varying block length of V. The components of the triblock terpolymers are strongly incompatible with each other, as follows from comparison of their solubility parameters, δ S = 9.1 (cal/cm 3 ) 0.5 [13] , δ B = 8.05 (cal/cm 3 ) 0.5 [13] , δ V = 10.0 (cal/cm 3 ) 0.5 [14] . Therefore the strongest incompatibility is between B and V and the systems have a higher interfacial tension between B and V as compared to S and V. This asymmetric interfacial tension between the centre B block and the two outer blocks leads to curved interfaces in most of the triblock terpolymers studied here, as has been discussed before [15] . The corresponding triblock terpolymers show the following morphologies: S 55 B 36 V 9 62 (core-shell cylinders with V core, B shell and S matrix), S 45 B 32 V 23 76 , S 44 B 27 V 29 78 (core-shell double gyroids with V cores, B shells and S in between), and S 25 B 17 V 58 137 (lamellae). The symmetrically composed diblock copolymers SV and VC form lamellae [16] .
Experimental part
All block copolymers have been obtained via living sequential anionic polymerization in tetrahydrofuran (THF). For this reason the polybutadiene blocks contain predominantly 1,2-units. The details of the synthesis has been described elsewhere [15, 16] . Tab. 1 summarizes the characteristics of the block copolymers. Optically transparent blends of these block copolymers were prepared by dissolving the components together in THF. THF was used because it is a common solvent for 2 all components. It is impossible to have a non-selective solvent in these blends containing terpolymers. However, if the selectivity of the solvent is not too strong, the slow evaporation of the solvent should allow the system to form the equilibrium morphology in the dry state. After evaporating the solvent over several weeks the cast films were in vacuum for two days at room temperature, followed by slow increase of temperature to an annealing temperature at 150°C. For further equilibration, the samples were held at this temperature for 6 h before cooling to room temperature.
Ultra thin sections of the samples were obtained using a Reichert-Jung Ultracut E microtome equipped with a diamond knife. Staining was achieved by treating the ultra thin section for 1 min with OsO 4 vapour (dark B domains) [17] and then for 24 h with CH 3 I vapour (grey V domains) [18, 19] . The other domains remained unstained under these conditions. Electron micrographs were taken from a Zeiss 902 transmission electron microscope operated at 80 kV in the bright-field mode. The TEM images do not reproduce the relative amounts of the different components correctly, which is due to staining and different degradation of the components in the electron beam. 
Results and discussion

Scenarios in blends of ABC with AC or DC
In the blends of ABC with AC (or DC, where D is miscible with A) there are several different possibilities to form common superlattices between triblock terpolymer and diblock copolymer. Some of them are shown in Fig. 1 . In one case there is a parallel 3 orientation of the diblock chain with respect to the triblock, i.e., the free chain ends of similar (or compatible) blocks point into the same direction. This corresponds to the situation found in a blend of lamellar polystyrene-block-polybutadiene-block-poly-(methyl methacrylate) (SBM) with lamellar SM mentioned before [7] . In that case Bcylinders of the triblock terpolymer were located at the interface between S and M lamellae, which are formed by the blocks from the diblock copolymer and triblock terpolymer. In a second arrangement again chemically similar (or compatible) blocks mix with each other, but in this case they are oriented in an antiparallel fashion. This leads to the formation of non-centrosymmetric superstructures, which were found in blends of lamellar polystyrene-block-polybutadiene-block-poly(tert-butyl methacrylate) (SBT) with lamellar ST or lamellar BSM with lamellar BM [6] . Another arrangement is given if only one of the outer blocks of the triblock terpolymer mixes with the corresponding block of the diblock copolymer. In this case double-layered structures of diblock copolymer alternate with double layers of triblock terpolymer. Although the mixed blocks are oriented antiparallel to each other, due to the double-layered structures the whole superstructure is again centrosymmetric. Such a superlattice was found for example in lamellar SBT blended with lamellar VC, where C and S are miscible, while T and V are incompatible with each other [16] . In the following we will discuss the morphologies of the different blends of SBV with lamellar SV or VC in the sequence of increasing block length of V. and 25% of S 45 V 55 76 . In contrast, the blend with 50% V 58 C 42 59 forms a superstructure, which clearly does not show continuous B shells around V cores (Fig. 2b) . In this case perhaps a superstructure is obtained, where V 58 C 42 59 chains are oriented parallel to the compatible blocks of the triblock terpolymer, thus leading to a situation as illustrated in Fig. 1a . Due to the short V block in the terpolymer the overall volume fractions lead to V cylinders surrounded by B rings in a mixed S/C matrix. In this superlattice the V and S/C domains have a common interface (i.e., between the B rings), where the diblock copolymer should be located. 76 mix with each other in a blend with a mass fraction of 75% triblock terpolymer (Fig. 3a) , leading to a centrosymmetric lamellar superstructure with demixed V blocks. This centrosymmetric double-layered structure contains the alternating double layers of triblock and diblock (…VBS SV VS SBV…). A blend with a larger amount of this diblock copolymer shows macrophase separation (not shown). The better mixing between C and S leads to a stronger swelling of the S domains of the triblock terpolymer, which might be the reason for the slightly enhanced break-up of the B lamellae into B cylinders within the mixed S/C lamellae (Fig. 3b) A relatively small further increase of the V block length in the triblock terpolymer leads to S 44 B 27 V 29 78 . The morphologies of the blends differ significantly from the previous ones, as shown in Fig. 4 . In the blends with S 45 V 55 76 both S and V of the triblock terpolymer form mixed domains with the corresponding blocks of their diblock blend partner. The lamellar superstructures observed here are built up by the triblock and diblock copolymers having antiparallel chain orientations, which leads to the noncentrosymmetric superlattice shown in Fig. 1b .
Blends of S
In Fig. 4a we show a blend with an excess of S 44 B 27 V 29 78 . A macrophase separation between two different centrosymmetric superlattices is observed. The left part of Fig.  4a consists of parallel oriented diblock copolymer and triblock terpolymer chains, which is indicated by the broken B-lamellae (dark domains). This corresponds to the arrangement described in Fig. 1a . The right part of Fig. 4a consists of stacks of noncentrosymmetric lamellae with anti-parallel alignment. The change of orientation varies rather regularly along the lamellae, what leads to an overall centrosymmetric superlattice. However, in contrast to centrosymmetric lamellae of pure block copolymers here are no symmetry planes parallel to the lamellae. While the V and S domains are continuous, the B domains are broken at the grain boundaries where the orientation changes to the opposite direction. By this arrangement both S and V domains are continuous across the grain boundaries between antiparallel stacks of lamellae. It appears that there is a rather regular spacing between the lamellar stacks of similar orientation, i.e., a periodic length parallel to the lamellae. Increasing the amount of S 45 V 55 76 diblock copolymer seems to decrease this periodic length parallel to the layers, as observed in Figs. 4b and c . The reason for this periodic alternating orientation of the lamellar stacks may be due to a mismatch of the chain lengths of the S and V blocks from the blend partners. Note that in the case of the blends of SBT with ST reported before [6] only the blend with equimolar SBT and ST showed a non-centrosymmetric superlattice all over the sample, while other blend ratios lead to macrophase separation between the non-centrosymmetric superlattice and the excess component. Obviously in that case only a very limited range of relative compositions between the blend partners can form the common superlattice, and excess components are expelled. Also the blend with V 58 C 42 59 diblock copolymer shows a superstructure, in which the B domains are located in the valleys of regularly undulating S/C and V layers, as shown in Fig. 4d . In this blend no stacks of non-centrosymmetric lamellae with a larger periodic length parallel to the lamellae were found. The SBV triblock terpolymer with the largest V block (S 25 B 17 V 58 137 ) again forms centrosymmetric superlattices in its blends with S 45 V 55 76 and V 58 C 42 59 diblock copolymers (Fig. 5) . In Fig. 5a it appears in part a sequence …SV VS SBV VBS SBV VBS SV VS…, indicating that due to the chosen access of triblock terpolymer approximately after each second double layer of triblocks a double layer of diblock is inserted. While in this blend only similar V blocks mix with each other in the double layered structure (V blocks only from diblock copolymers or V blocks only from triblock terpolymers), there is a tendency of the system to form a periodic sequence of mixed S blocks from only diblock copolymer, diblock copolymer and triblock terpolymer, and only triblock terpolymer. This may indicate the influence of longrange entropic effects during the formation of this superlattice, as has been discussed theoretically before [20] . The blend having the double amount of diblock copolymer shows a regular sequence of double layers of diblock copolymer and triblock terpolymer, i.e., here only mixed domains of S blocks from diblock copolymer and triblock terpolymer are formed, while the V blocks from diblock copolymer and triblock terpolymer are segregated in different domains (Fig. 5b) . This is the same superstructure as the one found in Fig.  3a , where the blend contains only 25 wt.-% of diblock copolymer. In both blends the amount of V segments from the diblock copolymer is similar to the amount of V segments from the triblock terpolymer. In the blend of Fig. 5a half of the triblock terpolymer is incorporated in mixed layers with the diblock copolymer, from which it follows a similar amount of V segments from diblock copolymer and from half of the triblock terpolymer.
In Fig. 5c finally the blend of this triblock terpolymer with V 58 C 42 59 diblock copolymer shows a situation somehow different from Fig. 1 . The B domains alternate with mixed S/C domains within one layer and this layer is embedded between two V layers. The orientation of chains in this blend is shown schematically in Fig. 6 . 
Influence of the block length on the formation of common microdomains
The molar masses of S blocks of the triblock terpolymers and of the SV diblock copolymer are similar (c. 34 kg/mol) and tend to form common domains in most of the blends. The sizes of the V blocks of SV and SBV are summarized in Tab. 2. The V block from SV diblock copolymer on one side and the V block from the triblock terpolymers on the other side form common microdomains only in the blends of S 44 B 28 V 28 78 and S 45 V 55 76 , where the stacks of non-centrosymmetric lamellae were found. In this case the size of V in the diblock copolymer is approximately twice the size of V in the triblock terpolymer. If this ratio is inverted (blend of S 25 B 16 V 59 137 and S 45 V 55 76 ), the V blocks of the two species do not form mixed domains. This might be a result from the different degrees of stretching of the different V blocks: due to the larger interfacial tension between B and V (in comparison to the interfacial tension between S and V), the stretching of the V block in the triblock terpolymer should be larger than in the diblock copolymer. However, if the size of the less stretched V block of the diblock copolymer is much larger than the V block in the triblock terpolymer (as in the first two blends of Tab. 2), there is also no formation of common microdomains of the V blocks. In the case of S 55 B 36 V 9 62 and S 45 V 55 76 the interfacial curvatures between B/S and V/S differ too much, what prevents the latter blocks from formation of mixed microdomains and thus this blend macrophase-separates.
In the case of the blends of SBV with CV mixed superstructures were found always. This indicates that the attractive interactions between S and C compensate sepa-rating forces, which originate mostly from mismatches of other chain parameters like block lengths of the V blocks and/or interfacial tensions between adjacent blocks. 
Tab. 2. Molar masses of the V blocks
Polymer M(V) in kg/mol M(V) di /M(V
Conclusions
ABC triblock terpolymers and AC diblock copolymers may form common A and C domains if the corresponding block lengths are similar. If only the C blocks are rather different in size, still a common superlattice can be obtained in which only mixed A domains do exist. In this case the volume fractions of the C segments of both species should be similar, since then problems for the chains to fill space homogeneously are avoided. A chain frustration by mismatch of chain lengths or volume fractions of C blocks can be compensated by introduction of attractive interactions between the A block of the triblock terpolymer and a miscible D block in a DC diblock copolymer. Besides the block lengths also the interfacial tensions at the different interfaces within the block copolymers are important parameters, but these parameters were kept constant in this system.
Two novel types of periodic lamellar superlattices were found in this study. In one system the formation of a centrosymmetric superlattice of alternating stacks of noncentrosymmetric lamellae was observed. This centrosymmetric superlattice differs from centrosymmetric lamellae of pure block copolymers by the absence of a symmetry plane parallel to the lamellae. In the other case four layers of triblock terpolymer followed a double layer of diblock copolymer, which confirms the existence of long-range entropic interactions, which have an influence on the formation of the superlattice. This happens on length scales larger than the end-toend distance of a single macromolecule in this superstructure.
